ABSTRACT Atomic force microscopy (AFM) can be used to probe the mechanics of molecular recognition between surfaces. In the application known as "chemical force" microscopy (CFM), a chemically modified AFM tip probes a surface through chemical recognition. When modified with a biological ligand or receptor, the AFM tip can discriminate between its biological binding partner and other molecules on a heterogeneous substrate. The strength of the interaction between the modified tip and the substrate is governed by the molecular affinity. We have used CFM to probe the interactions between short segments of single-strand DNA (oligonucleotides). First, a latex microparticle was modified with the sequence 3Ј-CAGTTCTACGATGGCAAGTC and epoxied to a standard AFM cantilever. This DNA-modified probe was then used to scan substrates containing the complementary sequence 5Ј-GTCAAGATGCTACCGTTCAG. These substrates consisted of micron-scale, patterned arrays of one or more distinct oligonucleotides. A strong friction interaction was measured between the modified tip and both elements of surface-bound DNA. Complementary oligonucleotides exhibited a stronger friction than the noncomplementary sequences within the patterned array. The friction force correlated with the measured strength of adhesion (rupture force) for the tip-and array-bound oligonucleotides. This result is consistent with the formation of a greater number of hydrogen bonds for the complementary sequence, suggesting that the friction arises from a sequence-specific interaction (hybridization) of the tip and surface DNA.
INTRODUCTION
Atomic force microscopy (AFM) maps the topography of surfaces at molecular and atomic resolution (Binnig and Quate, 1986; Hansma et al., 1988; Albrecht et al., 1988) . This technique has also proved useful in mapping molecular topography within biological systems (Hansma et al., 1997) . AFM can also be used to probe the mechanical forces between surfaces, measuring friction force and adhesion between the AFM tip and sample (Mate et al., 1987; Burnham et al., 1990; Weisenhorn et al., 1992; Hoh et al., 1992; Overney et al., 1992; Wilbur et al., 1995) .
At a microscopic level, the friction force depends on the molecular interactions of the two surfaces in sliding contact. These molecular forces can be further probed by manipulating the functionality of the AFM tip. For example, one can probe substrate functionality by varying the hydrophobicity of the AFM tip or by attaching a colloidal particle in place of the standard tip (Knapp et al., 1995; Ducker et al., 1991; Li et al., 1993; Rabinovich and Yoon, 1994) . The tip can also be modified for specific chemical sensitivity. This technique has been dubbed "chemical force" microscopy (CFM), because the substrate can be mapped through chemical recognition between the surface and tip-bound functional groups (Nakagawa et al., 1993; Frisbie et al., 1994; Green et al., 1995; van der Vegte et al., 1997) .
In a similar manner, biologically "active" AFM tips have been constructed to probe the interaction of proteins and ligands (Florin et al., 1994; Lee et al., 1994b) , oligonucleotides (Lee et al., 1994a; Boland and Ratner, 1995) , and other macromolecules (Dammer et al., 1995; Hinterdorfer et al., 1996) . In these studies, the modified AFM tip was used to probe the specificity of biomolecular recognition by monitoring the force required to pull the modified tip away from its substrate in adhesion/rupture experiments.
The work presented here bridges the two approaches of chemical and biological recognition of CFM. We demonstrate a novel application of friction microscopy to characterization of the interaction of biological ligands, specifically short segments of DNA (oligonucleotides). This method provides a fast scan technique to differentiate the elements of a two-dimensional, heterogeneous substrate through molecular recognition. We have constructed patterned arrays of oligonucleotides that contain discrete, micron-scale elements in a checkerboard or stripe design (Pease et al., 1994) . The arrays were then scanned with a DNA-modified AFM tip. As shown below, the elements of the substrate array could be differentiated by the friction force between the oligonucleotides of the tip and the substrate. However, the friction coefficient is sensitive to the molecular surface density as well as the mode of data acquisition and thus is not practical for quantifying molecular affinity. When a control (noncomplementary) oligonucleotide is included within a friction scan, the ratio of friction coefficients can be used as a reliable indicator of affinity. Finally, the friction force is shown to correlate with the adhesive force measured by adhesion/rupture experiments. By using the friction and adhesion methods in tan-dem, CFM can be used for a fast analysis of affinity for multicomponent oligonucleotide arrays.
MATERIALS AND METHODS

Substrate preparation
The method for preparing oligonucleotide arrays has previously been described (Mazzola and Fodor, 1995; McGall et al., 1997) . Briefly, glass wafers were cleaned in concentrated NaOH and rinsed exhaustively in water. The surface was derivatized for 2 h with a solution of 10% (v/v) mono(hydroxyethyl) aminopropyltriethoxysilane in 95% ethanol, rinsed, and dried in vacuo at 40°C.
In these experiments, a tetrathymidine linker was used for a flexible and hydrophilic boundary between the glass and the subsequent oligonucleotide probe. There is negligible cross-hybridization of tetrathymidine to the experimental probes, an improvement over the hexaethylene glycol linker used previously (Mazzola and Fodor, 1995) . Using standard oligonucleotide synthesis protocols (Atkinson and Smith, 1984) , we constructed the surface linker from three coupling cycles using 5Ј-dimethoxytrityl-2Ј-deoxythymidinephosphoramidite (DMT-dT-phosphoramidite) (ABI, Foster City, CA), followed by a cycle of 1-OЈ-(␣-methyl-6-nitropiperonyloxycarbonyl)-hexaethyleneglycol-17-O-(N,N-diisopropylamino)-2Ј-deoxythymidinephosphoramidite (MeNPOC-dT-phosphoramidite). The custom MeNPOC protecting group is stable in a variety of solvents but can be removed by irradiation with 365-nm light.
The substrate was then selectively irradiated through a chrome-patterned lithographic mask (Photosciences, Torrence, CA). One mask contained patterns of 64-, 16-, and 4-m checkerboard squares; another mask contained 5-m stripes with a 15-m spacing. In the simplest case, a single exposure was used to produce an activated surface pattern. An oligonucleotide was then constructed in the activated regions, using successive coupling cycles of DMT-phosphoramidites as described above to produce an array with alternating regions of oligonucleotide and base linker. If the first oligonucleotide was then capped, the entire surface could be irradiated to deprotect the remaining "background" sites for a second oligonucleotide synthesis in the newly activated sites. To construct the dual-probe substrates, the 5-m stripes were activated first, followed by coupling to the 10-m background regions. This process apparently resulted in a slightly greater density of surface molecules in the initially activated regions (vide infra), regardless of the order of oligonucleotide synthesis; however, this appeared to have no effect on the observed friction. The final site density of the surface oligonucleotides was ϳ10 16 molecules/m 2 .
DNA probe selection
A 20-base DNA oligonucleotide was selected to investigate the sequence specificity of molecular recognition in our system. (The specificity and stability of DNA hybridization are easily controlled through the composition of the nucleotide bases (Breslauer et al., 1986) . Hybridization is defined as the formation of duplex DNA through basepairing-the hydrogen-bonding of A/T and G/C bases of the single-strand partners. The number of contiguous matched pairs roughly defines the stability of a duplex.) The oligonucleotide 5Ј-CTGAACGGTAGCATCTTGAC forms a stable duplex with its complement at room temperature, with minimal interference due to self-complementarity or secondary structure (Forman et al., 1998) ; this sequence was immobilized to the AFM tip (see below). Three distinct oligonucleotide sequences were constructed on the substrate arrays. The 20-base sequence 3Ј-GACTTGCCATCGTAGAACTG (referred to as "the Complement") is the perfect match, or complement, to the tip-bound sequence and was present in all arrays. Two control probes were constructed to test the sequence specificity of hybridization: 3Ј-CAGTTC-TACGATGGCAAGTC (Control A) and 3Ј-AGCTGACGAAATCTTCA-CAC (Control B). The two Control probes and the Complement have the same length and base composition, but only the Complement should hybridize to the tip-bound DNA. Control A is, in fact, the same sequence as presented on the modified tip and thus is not expected to self-hybridize with the tip-bound DNA. Control B is expected to have negligible affinity for any of the other oligonucleotide strands. The array synthesis was confirmed independently by hybridization with presynthesized complementary oligonucleotides (Fig. 1) . A dual-probe, 64-m checkerboard array containing the Complement and Control A was sequentially incubated with a solution of the respective complementary oligonucleotides. Initially, the array was immersed in a 100 nM solution of the fluorescein-labeled tip-sequence oligonucleotide in 6ϫ SSPE (1 M NaCl, 66 mM sodium phosphate, 6 mM EDTA, pH 7.4). After 1 h of incubation, the solution was replaced with fresh 6ϫ SSPE to eliminate background fluorescence from the bulk solution and scanned by confocal fluorescence microscopy, using 488-nm excitation from an argon ion laser (3.4-m beam resolution). As shown in Fig. 1 A, the tip-sequence oligonucleotide bound strongly to the regions on the array containing the Complement, with negligible hybridization to the regions containing Control A. Deionized water was then injected into the flow cell to remove the hybridized DNA. The array was then assayed under identical conditions with an oligonucleotide that binds to the Control A sequence. In Fig. 1 B, an inverse fluorescence pattern was obtained. The fluorescence intensities of the two images are similar (within 10%), suggesting a similar density of the synthesized probes. The same experiment was performed with a striped dual-probe array of the Complement and Control B, with comparable results (data not shown). The DNA arrays were stable when stored in the dark over a period of several weeks, as determined by reproduction of these fluorescence intensities.
Tip construction
DNA-functionalized AFM probes were constructed by bonding a DNAderivatized microparticle to a silicon nitride AFM cantilever (BioForce Laboratory, Ames, IA). Specifically, an oligonucleotide with the sequence 5Ј-CTGAACGGTAGCATCTTGAC-NH 2 -3Ј was presynthesized with a conventional DNA synthesizer (Atkinson and Smith, 1984) . A primary amine was positioned at the 3Ј end, using Amino-Modifier C7 CPG starting material (Glenn Research, Sterling, VA). The amino-modified DNA was purified by gel electrophoresis and C18 column chromatography, as previously described (Henderson et al., 1987) . The purified oligonucleotide was then coupled to COOH-functionalized, ϳ7-m-diameter latex particles (Bang's Laboratories, Fishers, IN) by condensation in the presence of 1-ethyl-3(3-dimethylaminopropyl) carbodiimide (EDC) (Pierce, Rockford, IL) . Approximately 100 l of a 10% solids solution of microparticles was mixed with 1 ml of a solution containing 50 mM MES buffer (2-morpholinoethanesulfonic acid, pH 5.5) and 200 g of 3Ј amino-oligonucleotide. To this was added 100 l of a 10 mg/ml EDC solution in ddH 2 O. The solution was briefly vortexed and then incubated with gentle shaking for 2 h at room temperature. Particles were collected by centrifugation, washed twice by resuspension and centrifugation in 50 mM NaPO 4 (17 mM NaCl, pH 7.2), and then stored at 4°C in the wash buffer. The final density of probes is estimated from the initial parking area of the functional groups on the microparticle, ϳ50 Å 2 /molecule, or ϳ10 6 molecules/m 2 . For probe construction, a small aliquot of modified particles was briefly rinsed with ddH 2 O, placed on a clean dry glass slide, and allowed to air dry. The particles were individually positioned with a micromanipulator (Narashige MN-4) at the ends of silicon nitride AFM probes (200 micron Nanoprobes; Digital Instruments, Santa Barbara, CA) and bonded into place with a quick-dry epoxy (Superglue Corp., Hollis, NY). Care was taken to buttress the particle against the preexisting pyramidal AFM tip and to avoid excessive use of epoxy that might occlude the contact surface. Once constructed, tips were used as soon as possible.
AFM imaging
AFM images were acquired using a Nanoscope III (Digital Instruments) with a 125 m piezo scanner in contact mode. In this instrument, the sample is mounted on the piezo scanner and rastered beneath the tip. Laser light is deflected off the end of the cantilever onto a position-sensitive diode array detector. In this paper we refer to the orthogonal scans as "parallel" and "lateral" scanning modes. (These are referred to as height (0°) and friction (90°) modes in the DI software.) In parallel mode, the cantilever is rastered parallel to the long axis of the cantilever, and the deflection is detected using the detector as a two-part vertical array. In lateral mode, the cantilever is rastered orthogonally to the long axis of the cantilever, and deflection is detected using the detector as a two-part horizontal array.
Images were acquired using both the parallel and lateral scan directions with the feedback mechanism engaged. By this mechanism, the cantilever was maintained at a constant deflection by a feedback loop to the piezo mount. When the detector senses a change in deflection, the piezo servo adjusts the sample height to maintain the preset deflection of the cantilever. It should be noted that this is often referred to as "constant force" mode; however, this is not the case for materials that exhibit significant friction forces. As others have described (Warmack et al., 1994; Ruan and Bhushan, 1994) , the cantilever is buckled and/or twisted when a strong lateral force is applied, even if the sample is topographically flat. For the parallel scans, this buckling can significantly change the position of the deflected laser beam on the detector. As shown in Fig. 2 (right), a buckling in the forward scan direction deflects the beam downward; the sample is then raised to retain the null position. The result is a greater pressure, or applied load, between the tip and sample than defined at the stationary position. When scanned in the reverse direction, the opposite effect is seen (Fig. 2,  left) . Thus the applied load is asymmetrical for the forward and reverse scans in the parallel mode. In our data, the observed parallel friction differed by 20% for the two directions; the averaged magnitude is presented. In the lateral scanning mode, friction produces a torsion distortion that has little effect on the piezo feedback mechanism. On average, the observed lateral friction differed by less than 5%. Friction data were quantified from the oscilloscope-mode friction "loops" rather than the image data to exclude any detector offset contribution to the data. These loops show the friction hysteresis of the forward and reverse scan directions, as the tip is repetitively traced over a single line. The detector output was calibrated to the cantilever deflection, using the static friction component of high-resolution friction loops (Liu et al., 1994) . The calibration factors for the lateral and parallel scanning modes are C LAT ϭ 4.7 Ϯ 0.7 nm/V and C PAR ϭ 26 Ϯ 14 nm/V, respectively.
Surface topography was obtained using unmodified, sharpened silicon nitride tips with empirically minimized load. AFM and CFM data were acquired at 2 Hz. The 125 m (J) scanner was calibrated for the x, y, and z axes twice within the experimental time period. Dry scans were performed at ambient conditions, typically 20 -24°C and 30 -35% humidity. Unless specified, solution images were obtained in 6ϫ SSPE hybridization buffer (1 M NaCl), using the transparent AFM flow cell with ϳ200 l capture-drop volume. Solutions were exchanged with a micropipette injector. To minimize evaporative effects, the solution data were acquired within 20 min of introduction.
The force-distance mode of the microscope was used to gauge the zero-value of the applied load as well as the rupture force between the applied tip and substrate. Data were acquired at a 0.1-Hz sampling rate. In addition, the vertical output of the detector was calibrated to the piezo movement by this method, or C PIEZO ϭ 91 Ϯ 5 nm/V. The normal spring constant for several standard and DNA-modified silicon nitride probes was measured from the thermal vibration frequency in air. All probes originated from the same wafer and had nearly identical spring constants (k N ϭ 0.014 Ϯ 0.002 N/m), indicating that the epoxied microparticle had little effect on the vertical flexibility of the cantilever.
RESULTS
AFM images of a 16-m checkerboard oligonucleotide array are presented in Fig. 3 . This array contains the 20-base Complement oligonucleotide, alternating with regions of the base tetrathymidine linker. The image in Fig. 3 A was obtained with a standard AFM tip in the parallel mode (reverse scan direction), in air, under ambient conditions. The topography of the oligonucleotide regions can be distinguished from that of the linker baseline, where the vertical dimension is represented by the hue of the color scale. The height difference between the two regions is ϳ15 Å and is attributed to the profile of the single-strand DNA. The same topography was detected using the tapping mode of the AFM (data not shown), which applies a significantly lower load force on surface structures, indicating that the AFM tip does not significantly compress the DNA (Yang et al., 1996) . Stretched end to end, the extended oligonucleotide would measure ϳ140 Å (Saenger, 1988) . The observed topography suggests that the surface is amorphous and that the flexible oligonucleotides have an isotropic orientation. FIGURE 2 Illustration of cantilever buckling due to surface friction for scans parallel to the long cantilever axis. In the forward scan direction, friction deflects the laser beam downward (right). In the reverse direction, friction deflects the beam upward (left). Scan direction indicates cantilever motion relative to the surface.
The same DNA array was scanned under identical conditions in Fig. 3 B, now using the DNA-modified AFM tip. As before, the 16-m checkerboard pattern is immediately apparent. However, the height scale of the image is now ϳ300 Å, 20 times greater than the height detected with an unmodified tip. This apparent increase in the height of the surface DNA is caused by a much stronger cantilever deflection across the alternating regions of the array. The increased deflection appears to be due to a strong frictional interaction between the DNA-modified tip and the surface. Surface topography could contribute a friction-like response, but this effect would be small and would appear only as a derivative component (Grafström et al., 1993) . Surface compliance could also contribute to the observed contrast (Overney et al., 1994) and must be considered as these regions differ by 20 nucleotides, as must the possibility of chain entanglement of the DNA strands (Nakagawa et al., 1993) . The friction contrast seen here is not simply the result of surface wetting (Fujihira et al., 1996) or differential surface charge (Hähner et al., 1997) , as the entire surface is overlaid with the 4-base thymidine (T) linker. Furthermore, the contrast is due to more than just the outermost oligonucleotide bases (G versus T), as no contrast was observed for simple G/T or G/C arrays (data not shown). Instead, these images suggest that the contrast in Fig. 3 B arises from the molecular interaction of the tip and substrate oligonucleotides, which produces a detectable friction as the tip slides across the surface of the array. By the friction schematic of Fig. 2 (reverse scan direction), the bright regions should then correspond to regions of higher frictional force. Presumably, these regions contain the complementary DNA.
We then constructed an asymmetrical array for unambiguous identification of the surface-bound complementary DNA. In addition, we synthesized a second noncomplementary oligonucleotide in the alternating regions of the array to establish the sequence specificity of the molecular interaction. This dual-probe array contains regions of the Complement and Control B oligonucleotides; the regions have the same length and chemical composition but a different base arrangement of the DNA. The AFM images are now presented in units of the detector output (volts) rather than height to represent the friction magnitude. Unless specified, all subsequent images were acquired with the DNA-modified tips and scanned in the parallel mode. Fig. 4 presents the forward (A) and reverse (B) images of a dual-probe array scanned with the modified tip immersed in deionized water (Complement ϭ 10-m stripes, Control ϭ 5-m stripes). Under these conditions, the complementary oligonucleotides should not hybridize, as the negatively charged structures repel each other in a neutral medium. As expected, there is little distinction between the complementary and control regions of DNA in either scan. The forward and reverse scans are practically identical; therefore the contrast is interpreted as real topography. (The observed 5-Å differential probably reflects a slight difference in surface density for the two oligonucleotide regions.) The topographical contribution is subtracted by taking the difference image (forward minus reverse) as shown in Fig.  4 C, which shows no discernible pattern within the baseline noise.
When hybridization buffer was introduced into the liquid cell, a marked increase in the surface contrast was observed. The lower half of Fig. 4 presents the forward (D) and reverse (E) scans of the array in the counterion-rich medium, presented at the same 250 mV scale. The contrast between the complementary and control regions of DNA is now ϳ100 mV. More significantly, the contrast in these images is also dependent on scan direction. In the forward scan direction, the complementary oligonucleotide regions appear darker than the control regions, indicating a stronger frictional response for the complementary DNA. In the reverse scan direction, the contrast is inverted, consistent with the schematic presented in Fig. 2 . The friction contrast is effectively doubled in the difference image, Fig. 4 F. The surface friction is affected by the concentration of counterions in the surrounding medium, as demonstrated in the images in Fig. 5 A-C. As the salt concentration was increased from 1 to 2 M, the differential friction between the complementary and noncomplementary DNA regions also increased. The data are now presented only as difference images, in which the friction is approximately half the image contrast. The first image is identical to Fig. 4 F, now shown at a 700 mV scale, with a contrast of ϳ200 mV between the Complement and Control regions of DNA in 1 M NaCl (Fig. 5 A) . In 1.5 M NaCl buffer, the contrast increased to ϳ270 mV (Fig. 5 B) , and the 2.0 M NaCl buffer produced a ϳ700-mV differential (Fig. 5 C) . This result is consistent with evidence that buffer concentrations up to 3 M NaCl effectively increase the rate of DNA nucleation (Orosz and Wetmur, 1977) . The 3.5-fold enhancement in the friction contrast is comparable to the 2-fold rate increase observed for this concentration range. After the substrate was rinsed with deionized water, the friction faded within five "rinses" to resemble the data in Fig. 4 C, as expected for the reversible DNA interaction. Finally, the desalted DNA substrate was probed with a standard silicon nitride AFM tip to determine whether any topographical changes had occurred during the experiment. With the exception of precipitated salt, the overall topography appeared to be unchanged (data not shown).
The friction force also increases with the applied pressure (load) of the DNA-modified tip. As the tip is pressed into the substrate, the molecular contact area (and thus the friction) is increased by elastic deformation of the polystyrene support. In the experiment presented in Fig. 6 , a line is repeatedly scanned across the surface of a dual-probe substrate in buffer (here, Complement ϭ 5-m stripes, Control ϭ 10-m stripes). The hysteresis between the forward and reverse lines reveals the magnitude of the friction at various loads. As seen in these images, there is measurable friction in both regions of the DNA substrate, but the magnitude is consistently larger for the complementary DNA. When the friction (half the total hysteresis) is plotted versus the applied load, the data can be fit to a simple linear function. Data are presented in Fig. 7 for both the lateral and parallel scanning modes acquired in a single experiment. A direct comparison of the two modes requires a sophisticated response analysis (see Appendix). Nevertheless, the relative friction response of the complementary and noncomplementary DNA yields useful information. For both the parallel and lateral modes of acquisition, the slope of the complementary data is 1.5 times greater than the slope of the noncomplementary data. This ratio is equal to the ratio of friction coefficients, and it indicates the relative friction response of the complementary versus control DNA interactions. This "normalized" friction parameter may be used to compare the strength of molecular affinity in this system. In all data of Fig. 7 , there is a detectable friction at zero applied load, evidence of a strong adhesive component that contributes to the frictional interaction. At the adhesion limit, a contact-rupture force can be extrapolated from the data as the observed friction approaches zero. The data in Fig. 7 give a rupture force of ϳ3 nN for the lateral mode and ϳ10 nN for the parallel mode. (One would expect that the adhesive load would be greater for the complementary DNA in each case; this could be resolved with a greater number of data points near the adhesion limit.) The lateral and parallel data were acquired within the same experiment, yet the parallel mode consistently gave a larger rupture force than the lateral mode. This was observed regardless of the order of data acquisition, even when the data points were interleaved, suggesting that there is a significant difference in the surface contact for the two modes near the adhesion limit.
Friction data were acquired from different batches of modified tips. We observed that both the adhesive load and slope of the friction varied within a factor of 3, depending on the tip used in each experiment. This is probably due to variation in the oligonucleotide surface density of each synthesis, coupled with the individual microparticle size and contour. The friction coefficient is known to decrease for high-density polymer surfaces (Bely et al., 1982) . A high density generally induces a greater cohesion between surface molecules, thus lowering the accessibility for intercalating strands. It can also reduce the overall elasticity of the surface, which lowers the contact area for a given normal load. Indeed, we observed that the frictional response decreased as the microparticle coupling reaction was pushed toward saturation, as shown in Fig. 8 . However, the slope ratio (1.3) is essentially the same as for the lower-density DNA tips. The high-density tips also required a stronger FIGURE 6 Friction "loops" demonstrating the friction hysteresis with increasing applied load. Here the modified tip is scanned back and forth in a line across a substrate containing regions of complementary (thin stripes) and noncomplementary (thick stripes) oligonucleotides. The friction force is half the observed hysteresis. Finally, the adhesion between the modified tips and the substrate DNA was sampled directly by using the forcedistance application of the AFM. In this application, a modified tip was applied to the substrate and then pulled from contact. The force required to separate the surfaces is mapped by the rupture curves of Fig. 9 . To clarify the molecular species, this experiment was carried out on individual substrates of the Complement and Control DNA rather than the dual-probe array, using the same tip as in Fig. 8 . Rupture curves for the noncomplementary DNA substrate are presented in Fig. 9 A. These data fell into roughly three categories: for the Ͼ30 adhesion curves obtained with this sample, 8% produced zero adhesion, 58% produced a ϳ0.8 nN rupture force, and 34% produced a ϳ2 nN rupture force. The variance in the rupture force does not suggest damage to the substrate or tip, as they were randomly distributed throughout the sampling interval. In contrast, the subsequent rupture curves for the complementary DNA substrate had a highly reproducible rupture force of 2.7 nN, as shown in Fig. 9 B. These curves also exhibit a large "jump-to-contact" as the tip nears the complementary surface. A similar effect was seen in the adhesion measurements of nucleotide-coated gold surfaces, which was attributed to long-range electrostatic forces . In our data, this attraction appears to arise from a sequence-specific affinity of the complementary strands, as the attractive force (ϳ0.3 nN) is absent in the noncomplementary data.
DISCUSSION
We have demonstrated how a DNA-functionalized tip can differentiate the surface-bound elements of a DNA array through both friction and adhesion. A stronger friction force was detected for the complementary DNA substrate compared to the noncomplementary regions. Furthermore, the source of the friction appears to be characteristic of a hydrogen-bond interaction. This result parallels the observed surface adhesion, strongly suggesting that discrimination occurs via a sequence-specific molecular recognition (hybridization) of the DNA strands. The magnitude of the surface force and energy of this system can be calculated by simple mechanical analysis of the normal and lateral forces.
Hybridization
The DNA adhesion observed in these experiments is probably only a partial hybridization of the tip and substrate DNA, because of the limited time of contact between the surfaces. Although the rate constant for array hybridization is the same as observed in solution (k on Ϸ 10 5 M Ϫ1 s Ϫ1 ), it has been shown that the binding mechanism does not immediately lead to the fully duplexed structure (Forman et al., 1998) . Strands of DNA initially bind to more than one surface molecule, forming a "bridge" between neighboring sites. Complete hybridization is reached only after a slow reorganization (Ͼ2 h) of the surface-bound strands. Nevertheless, the partially bound state is still informative, because the entire sequence is represented within the sum of partial or "bridged" hybrids. This collective interaction can be used to map oligonucleotide sequences at single basepair discrimination (Pease et al., 1994; Wang et al., 1998) . Our data show that sequence recognition also occurs when DNA is bound to the modified tips. In this case, the interaction is constrained by the transient contact of the tip and substrate. The fast scan rate (200 m/s) acutely limits the hybridization at the DNA interface. The surface interaction should then reflect the energy of partial hybridization rather than the fully duplexed DNA, which might account for the similarity in signal for the complementary and noncomplementary strands. The friction of the noncomplementary strands represents the baseline signal for our system (random basepairing, van der Waals and electrostatic forces). The sensitivity, or ratio of Complement to Control, indicates the dynamic range. Our 1.5-fold range in signal is conspicuously low compared to the solution hybridization of Fig. 1 , in which the signal ratio is closer to 20. This difference is undoubtedly due to the distinct time scales for hybridization. Increasing the time of contact between the modified tip and sample should greatly enhance the dynamic range of our system. By this method, it should be possible to monitor the transition to the fully duplexed DNA. This approach would allow a more accurate measure of the duplex energy and consequently increase the sensitivity of this technique.
Friction
The friction demonstrated here arises from a complex molecular interaction, but the force can still be evaluated by classical mechanical analysis (Pollock, 1992) . Friction is characterized by deformation and adhesion of the interface, which are generally believed to act independently. In the case of molecularly smooth surfaces, friction is primarily a function of adhesion and is therefore proportional to the contact area of the interface. The contact is controlled through the pressure, or load, of the system. The friction force can be defined as F ϭ L total , where is the friction coefficient and L total is the sum of the external load (applied) and the internal load of adhesion, or
The friction coefficient describes the friction response of the interface during sliding contact. It is not a true parameter of the molecular interface, however, as it is sensitive to a number of experimental parameters. (Only the coefficients obtained under identical conditions can be quantitatively compared.) As shown earlier, the friction coefficient is sensitive to surface density. Friction coefficients can also be modulated by the applied load or scan rate of the tip. The friction in our experiments was linear over a 10-fold range in applied load and a 4-fold range of scan rates, indicating that the friction coefficient was fairly insensitive within these parameters. In our case, it is likely that the load is too low and the scan rates too high to greatly affect the friction coefficient. As described above, it should be possible to increase the friction response by scanning at a much slower rate. A practical scan limit would depend on the duration and stability of the scan, which would be defined by the size of the substrate matrix. The data presented here suggest that friction microscopy may be most useful as a fast but lowresolution technique to differentiate the species within a multicomponent array.
Lateral friction signal
To determine the magnitude of the observed friction signal (F), the detector output must first be calibrated to the physical deflection of the cantilever (C), and then multiplied by the appropriate spring constant (k):
For the lateral scan direction, the spring constant of torsional deflection (k LAT ) can be calculated by modeling the torsional deflection of the triangular cantilever (Neumeister and Ducker, 1994; Noy et al., 1995) . This equation can be empirically derived by using the normal spring constant to obtain k LAT ϭ 6.0 N/m. Combined with the lateral calibration factor, the friction equation reduces to F LAT (N) ϭ F LAT (V) * 28 nN/V. The calibrated data of Fig. 8 are plotted in Fig. 10 .
For the calibrated data, friction coefficients of ϳ5 and 3 are extracted from the slopes of the Complement and Control data, respectively. The magnitude of these coefficients is unusually large. Friction coefficients typically range between 0.01 and 2.0, where "low" friction coefficients are Յ0.3 and "high" friction coefficients are Ն1.0 (Singer, 1992) . Friction coefficients of polymers generally range between 0.01 and 0.5, where the strongest friction occurs with flexible, long-chain polymers (Bely et al., 1982) . Friction coefficients of 0.03-2.5 have been measured for chemically functionalized surfaces, where the strongest friction occurs with carboxylic acid-terminated monolayers (Noy et al., 1997) . These trends show that hydrogen-bonding functional groups produce the strongest friction, and that friction is enhanced by polymer entanglement (which increases the molecular overlap). Because DNA is specially designed for entangled H-bond interactions, it is reasonable that the friction coefficients would be large, as seen here.
Adhesion
The adhesive strength of the DNA interface is sampled directly by the adhesion measurements and indirectly by the friction force. In both cases, the adhesion is detected by the contact-rupture force required to separate the two surfaces. The two methods are not identical, as the friction has an additional tangential component to the force (Savkoor, 1992) , but the magnitudes of the rupture force should be similar. The data for the high-density DNA tips show this to be true: for the complementary DNA, the 8.3-nN rupture load of friction is comparable to the 2.7-nN rupture force of adhesion. For the noncomplementary DNA, the 5.1-nN rupture load can be compared to the largest rupture force of adhesion (2 nN) or the 1.2-nN weighted average. The sensitivity is equivalent for the two methods (1.6 versus 1.4) for the sampling conditions presented here. Unlike the friction experiments, however, the sensitivity of the adhesion measurements could be easily enhanced by increasing the tipcontact time before rupture. (Variation of the tip-contact time was not available with the software used for our data acquisition. Recent software versions now include this option.) Slow rates of surface adhesion have been demonstrated with similar systems of immobilized DNA (Florin et al., 1995) , protein (Stuart and Hlady, 1995) , and polymers (Chen et al., 1991) , suggesting that surface reorganization plays a key role in the adhesion of complex molecular interfaces.
Others have shown that the mechanics of the AFM tip interaction are well described by the JKR theory of adhesion (Noy et al., 1995; van der Vegte and Hadziioannou, 1997) , in which the elastic deformation of a sphere at a rigid surface is attributed to external and internal forces (Johnson et al., 1971; Israelachvili, 1992) . This model predicts that the rupture force of the interface (F R ) depends simply on the size of the sphere (radius R) and the work of adhesion (W):
For the 2.7-nN rupture force required to separate the complementary DNA interface, we calculate 1.6 ϫ 10 Ϫ4 J/m 2 for the work of adhesion. The sequence-specific contribution to the adhesion can be obtained by comparing the adhesion of the complementary versus noncomplementary interfaces. Thus the difference in rupture force can be used to estimate the energy of the basepair hydrogen bonds, or ϳ1 ϫ 10 Ϫ4 J/m 2 . Using the molecular packing density of the DNA arrays, this work corresponds to a molecular bond energy of ϳ2 kcal/mol. The magnitude of this interaction is comparable to the strength of most hydrogen bonds (Thomas et al., 1995; Hoh et al., 1992) but it is much smaller than the 40 kcal/mol free energy or the 140 kcal/mol enthalpy predicted for the complementary duplex (Breslauer et al., 1986) . (The rupture force for biomolecular adhesion has been shown to correlate with the enthalpy rather than the free energy of adhesion (Chilkoti et al., 1995) .) A low surface energy could be explained if 1) not all of the surface molecules interact, or 2) only a few hydrogen bonds form per molecule. It could be the case that only 5% of the surface molecules are available for hybridization, as was concluded in adhesion measurements of Colton and coworkers (Lee et al., 1994a) . However, their surface accessibility was constrained by a self-complementary oligonucleotide sequence-not an issue in our case. We suggest instead that the surface energy is low because the DNA is not at equilibrium, or full duplexation, before rupture of the interface. This model is consistent with the kinetic analysis of the friction data presented above.
The JKR theory also predicts that the contact area of the interface (radius a) is a function of the elasticity (K ϭ 3.4 ϫ 10 9 J/m 3 for polystyrene) and the total load:
Given the work of adhesion calculated above, interfacial rupture should occur at ϳ500 nm 2 , corresponding to roughly five molecules on the DNA array. One could then estimate an average rupture force of ϳ0.3 nN per molecule for the hydrogen-bond component of the complementary DNA. The adhesion work of Boland and Ratner with nucleotide monolayers suggests that DNA basepairs correspond to an average ϳ54-pN rupture force . One could conclude from their data that our rupture force corresponds to the bonding of ϳ5 bp per molecule. The strength of such an interaction is consistent with the bond energy calculated above.
Stability
The data presented here showed no direct evidence for mechanical damage to the tip or substrate as a result of the repeated friction or rupture analyses. The signals were highly reproducible, even after 4 h of continuous scanning. The data showed no sudden loss of signal that might indicate probe "shedding" from the tip or substrate, which is consistent with a bond energy well below the magnitude for covalent interactions. For our system, it is reasonable to assume that any friction-generated heat is quickly dissipated by the surrounding liquid medium. Slight changes in the local temperature could destabilize the DNA hybridization, which would further depress the observed binding energy. Although it is likely that some mechanical damage or deformation does occur over time, the friction and rupture force experiments proved to be surprisingly robust.
Interestingly, the data in Fig. 3 present an apparent exception to the rule that hybridization can only take place in an counterion-rich medium. In Fig. 3 B, the DNA array was scanned in air using the DNA-modified tip. Under these conditions, only a hydration layer of water should be present at the surface, and the DNA interaction should be repulsive across the entire array (Butt, 1991) . The electrostatic repulsion of unshielded DNA is demonstrated by the data of Fig.  4 , where no hybridization (friction) was observed in a medium of deionized water. Clearly, though, the tip in Fig.  3 B shows a strong attraction to the complementary regions of the substrate. An explanation may be found by considering the ionic strength of the hydration layer. Although the surfaces in Fig. 3 were rinsed in deionized water, the water may have contained residual ions at extremely low concentration. As the surfaces were quickly dried, dehydration would concentrate this residue at the surface. In this case, the thin film of the hydration layer could have an ionic strength that would differ significantly from that of bulk water. If real, the charged layer would alleviate some of the electrostatic repulsion of the negatively charged DNA. The observation of DNA basepairing under ambient conditions is of considerable value to the practical application of this technique, permitting a fast and easy measure of the components within the matrix. By including a standard sequence within each array, individual scans could be normalized and compared for a variety of scanning conditions.
CONCLUSIONS
We have used chemical force microscopy to probe the mechanics of molecular recognition on a two-dimensional biomolecule array. We have shown how surface-bound oligonucleotides can be differentiated by both friction and adhesion force. The sensitivity of these techniques is constrained by the time scale for binding and surface reorganization. These methods appear to work best in tandem, where the friction force can first be used to quickly differentiate the array elements, followed by a more sensitive probe of the energies by the adhesion/rupture force. This combination of techniques could be used to calibrate the surface energy of DNA hybridization to the molecular composition. For example, the length and base arrangement of the immobilized DNA can be systematically varied within an array. A single friction/adhesion experiment would reveal the molecular adhesion energy. Of particular interest would be the effect of incorporating mismatch (noncomplementary) bases within an otherwise complementary structure. With a concurrent improvement in signal to noise, it may be possible to use this technique to calibrate single-basepair hybridization energies.
As a final observation, the tensile strength (F R /m 2 ) of the complementary DNA interface shown here was ϳ5 ϫ 10 6 N/m 2 . If the hybridization approached equilibrium, one would expect this factor to increase by at least an order of magnitude, putting the DNA interface on par with the strength of common adhesives (10 6 -10 8 N/m 2 ; Perry, 1984) . Most compelling is the fact that the DNA adhesion is completely reversible under controlled conditions. This feature may have great potential for the development of biomedical devices, where a strongly bonding biocompatible interface is crucial.
APPENDIX: PARALLEL FRICTION SIGNAL
The method of Neumeister and Ducker method can be used to calculate a parallel spring constant of k PAR ϭ 7.4 N/m, which combines both bending and buckling modes of cantilever deflection for the parallel mode of scanning. One might then assume that the friction reduces to F PAR (N) ϭ F PAR (v) * C PAR * k PAR , which should equal the friction obtained in the lateral mode for an isotropic tip interaction. However, these data require a more careful interpretation, as there is an obvious difference between the parallel friction and lateral friction at low load-most noticeably the ϳ7-nN difference in load at the adhesion limit. We believe that this difference arises from the servo-feedback response, which augments the externally applied load. The applied load becomes LЈ ext ϭ L ext ϩ L s for the parallel mode. The servo contribution (L s ) would be more conspicuous when the external load is small. Warmack and co-workers observed a similar servo-enhanced friction at low load for parallel-mode scanning (Warmack et al., 1994) . They demonstrated how the friction could be accurately fit by the inclusion of a servo force at low load. In our case, the servo force can be estimated by a simple calibration of the parallel and lateral data of Fig. 7 .
For this calibration, we assume that there is no servo response for the lateral mode imaging. A comparison of the parallel and lateral data should then reveal the servo-induced component of the parallel mode. This effect is clearly shown by the ratio of the raw data, F PAR (V)/F LAT (V) in Fig. 11 A (inset). This ratio would be constant if the lateral and parallel modes were equivalent. Instead, the ratio is large near the adhesion limit but asymptotically approaches a constant value (ϳ0.17) for loads greater than 10 nN. (The averaged data were fit to an exponential decay: y ϭ 0.168 ϩ 0.37exp { Ϫ (x ϩ 1.26)/3.46 }, where y ϭ F P (V)/F L (V) and x ϭ L ext * 10 9 .) Past the 10 nN limit, the signal appears to be equivalent for parallel and lateral detection. Making the assumption that the friction response is equivalent, F LAT (N) ϭ F PAR (N), then k PAR /k LAT ϭ ͓F LAT ͑V͒/F PAR ͑V͔͒ ‫ء‬ ͓C LAT /C PAR ͔ ϭ 1.06 for loads Ͼ 10 nN Thus one would extract a parallel spring constant, k PAR Ϸ 6.4 N/m, very close to the theoretical value. This result suggests that the two modes are indeed equivalent for loads greater than 10 nN. To accurately compare the friction below that limit, one would have to adjust the parallel load to include the servo-induced force. Using the fit to the ratio data above:
Although the adhesive load L int varies with the external load (vide infra), the servo force can be closely approximated by using L int ϭ 3 nN for the limited range applied here. (The servo force will be slightly underestimated at higher loads.) The components L s and L ext Ј are plotted versus L ext in Fig.  11 A. Whereas the applied load ranges between Ϫ10 and 10 nN, the actual load at the sample ranges between Ϫ3 and 10 nN because of the contribution of the servo force. The parallel friction is then plotted as a function of both L ext and L ext Ј in Fig. 11 B, to illustrate the effect of the adjustment on the friction coefficient.
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